Conventional physicochemical processes for removing heavy metals from industrial effluents are high in chemical usage and produce large amounts of chemical sludges, which in turn needs secured disposal. Biological processes to overcome these problems have been developed for treating wastewaters containing heavy metals. The bioremoval and biorecovery of zinc ions from rubber glove mill effluent on a sequencing batch biofilm reactor (SBBR) was studied. Without adding any precipitant, the processes could achieve Zn and COD removal of 40-60% and 50-70% respectively. In order to recover the metal, the sludge was digested in an anaerobic digestion reactor. This study revealed that anaerobic digestion with longer hydraulic retention time could increase the recovery of heavy metals. This recovery prevents metal discharge to the environment and conserves resources.
Introduction
Increasing awareness of accumulation of heavy metals in the environment has led to a quest for new and improved "clean" technologies. The contamination of the environment by heavy metals is of growing concern because of the numerous health risks to animals and humans following exposure (Costley and Wallis 2001) . Common sources of metal polluted wastewaters include electroplating plants and other, metal finishing operations, as well as many mining, nuclear and electronics industries. All of these contribute to anomalously high concentrations of metals in the environments relative to the normal background levels (Neytzell-De Wildes 1991) .
Wastewater treatment plants are expected to control the discharge of heavy metals to the environment. However, with new stricter regulations aimed at protecting the environment, wastewater treatment authorities are facing with disposal problems of heavy metal laden sludge (Chipasa 2003) . Toxicity of heavy metals is well documented (Nies 1999) . The problems associated with heavy metals in the environment are their accumulation in the food chain and their persistence in nature. Heavy metal ions are accumulated by microorganisms, and a number of investigators have shown that microorganisms are valuable tools in removing and recovering metals from waste streams.
Microbial metal accumulation has received much attention during recent years, due to the potential use of microorganisms for treatment at metal polluted water or wastewater streams (Zouboulis et al. 2004) . Biological processes have shown potential for heavy metal removal (Volesky 1987; Bux et al. 1994) . In a biofilm processes, dissolved organic materials and nutrients are directly absorbed from bulk phase to the biofilm by means of concentration gradient, whereas dissolved heavy metals are generally adsorbed onto the biofilm surface as a result of interactions between metal ions and the negatively charged microbial surfaces, gradually reducing the aqueous metal concentration (Jang et al. 2001) . Hence, this research aims to investigate the efficiency of metal removal and recovery in rubber glove mill wastewater via a biosorption process.
Method and Material

Bioremoval and biorecovery process
A laboratory scale sequencing batch biofilm reactor (SBBR) was set up as shown in Figure 1 . The reactor of volume 1 L was operated at hydraulic retention time (HRT) of one day. At start up, it was seeded with a mixed culture acclimatized to simple and complex organics. Real industrial wastewater from a rubber glove mill was taken as the influent for the reactor. After sampling, samples were taken to the laboratory and immediately analyzed.
After being treated in the SBBR for a period of time, the resultant sludge with the biomass was separated from the effluent. The sludge was digested in an anaerobic digestion reactor of 500 mL for metal recovery. HRTs of 5 and 10 days were used for the digestion process to compare the metal recovery. Metal contents in the sludge after and before anaerobic digestion treatment was analyzed using AAS through acid digestion method. Additionally, a water displacement system was used to collect the gas which was produced as a result of the anaerobic digestion process.
Sample Analysis
Effluent samples from the SBBR were filtered through a 0.45 µm pore membrane filter (Whatman) and the filtrate was analyzed for COD and heavy metals. The metal contents were analyzed using Atomic Absorption Spectroscopy (AAS). COD was spectrophotometrically analysed using HACH DR2000 Spectrophotometer. Analysis of methane in the collected gas was achieved by a gas chromatography equipped with a flame ionization detector (FID). Table 1 summarizes the method and the instrument used in sample analysis and Table 2 lists the operating parameters for the gas chromatography.
Results and Discussion
The results of sample analysis of the raw rubber mill wastewater are shown in Table 3 . The wastewater contained high concentrations of organic matter, suspended solids and zinc which exceeded the standard limits set by Malaysian government.
The removal rate of zinc metal is recorded and presented in figure 2. The zinc content in the effluent were below its standard limit of 1 mg/L. The removal range for zinc is about 40-60%. According to Oliver and Cosgrove (1974) , metal removal occurs in a biological reactor through biosorption process. This bioremoval of zinc does not require chemical addition and result in biological sludge whose volume and weight can be further reduced. Furthermore, a good COD removal in the range of about 50-70% was also achieved in the system (Figure 3 ).
The zinc content in the sludge before and after the digestion process is presented in figure 4 . It was observed that anaerobic digestion process caused an increase in the content of heavy metals. Longer HRT of 10 days gave a better recovery of the metal compared to a shorter HRT of 5 days. It showed that longer time was required for an effective digestion process to occur in the system. The increases in metal contents in the digested sludge was expected because during anaerobic digestion, biodegradable organic and inorganic matter are de-composed to end products of CH 4 , CO 2 , N 2 , H 2 S and many other gases as reported by Tchobanouglous et al. (2004) .
Gas production from anaerobic digestion process was recorded daily using water displacement system. Identification and quantitative analysis of methane in the collected gas were performed using gas chromatography and a result of this analysis was shown in Figure 5 . The chromatogram of methane gas found at a retention time of 1.52 min in compare to authenticated methane sample proved that methane gas was produced in this anaerobic digestion reactor.
Conclusions
This study has shown that the biofilm process applied can be used to substantially remove both organics and heavy metal from wastewaters and has the potential to be further developed into a cheaper, environmentally friendly process for treating wastewaters containing organics and heavy metals. This technology, which is based on nucleated 
